Abstract Rapid cloud response to instantaneous radiative perturbation in the troposphere due to change in CO 2 concentration is called cloud adjustment. Cloud adjustment develops on a short timescale because it is separated from surface temperature-mediated changes in cloud. Adjustments in cloud and tropospheric properties including the hydrological cycle have attracted considerable attention because of their importance in the interpretation of mechanisms of climate change and the identification of sources of uncertainty in climate sensitivity. Modeling studies have clearly revealed that major aspects of the tropospheric adjustment including the warming and drying of the troposphere, associated reduction of low cloud and increasing shortwave cloud radiative forcing, downward shift of the low-cloud layer, and slowdown of the global hydrological cycle, are common among many climate model simulations. Combinations of model simulations with realistic and idealized aqua-planet settings have helped demonstrate the roles of land and robust aspects of the tropospheric adjustment.
Introduction
Equilibrium climate sensitivity (ECS), defined as global-mean surface air temperature (SAT) change due to a doubling of atmospheric CO 2 concentration, is a metric commonly used to explore the Earth's climate response to externally induced forcing [1] . Despite the considerable efforts expended in quantifying and constraining ECS, its range of uncertainty has not been reduced effectively during these three decades [1] [2] [3] . The response of cloud properties to climate warming is one of the largest contributors to ECS uncertainty [3] . Increasing CO 2 results in a radiative perturbation that affects cloud properties directly [3] [4] [5] [6] . This direct cloud response to increasing levels of CO 2 is independent of the global-mean SAT increase and it should be distinguished from SAT-mediated cloud changes. It has been derived from atmosphere-ocean coupled general circulation models (AOGCMs) that this cloud response, called "cloud adjustment," generates radiative forcing of about 0.5 W m −2 per the doubling of CO 2 concentration [7••] . This radiative effect is of great importance to the effective radiative forcing (ERF), determined by a radiative imbalance at the top of the atmosphere (TOA) without any changes in global-mean SAT under the conditions of doubled CO 2 [1, 8] , and it has a nonnegligible contribution to the ECS [7• •, 9•, 10•]. The rapid adjustments of cloud and tropospheric properties can be interpreted as part of the direct climate response to increasing CO 2 . Here, the "direct response" means the response to radiative forcing without any perturbations in sea surface temperature (SST) and sea ice. The roles of the direct climate response to radiative forcing for some aspects of climate change have been examined thoroughly (e.g., land-sea temperature contrast, atmospheric circulation [11-15, 16•, 17, 18, 19•, 20••, 21-23] , and tropical cyclone activity [24] [25] [26] ). Quantifying the radiative effect of the tropospheric cloud adjustment is essential for better understanding of the This article is part of the Topical Collection on Climate Feedbacks uncertainty in the ECS [7••, 27-29] . It has also been widely accepted that the role of the direct response to CO 2 increase is substantial for the global hydrological cycle [19•, 20••, 21, 30-40] , including evapotranspiration over land [5, 41, 42•] .
The mechanism of tropospheric adjustment to increasing CO 2 has been examined using two methodologies: the fixed-SST method (Hansen method) and the regression method (Gregory method). In the fixed-SST method, ERF can be evaluated by the difference between two equilibrium states simulated in atmospheric general circulation models (AGCMs) with fixed SST and sea ice, but with differing CO 2 concentrations in the atmosphere [8, 43] . It should be noted that influences attributed to land surface warming in response to the CO 2 increase are also included within this estimate (discussed below) [44] . The timescales of the cloud adjustment to abrupt increases in CO 2 are thought to be of the order of days to weeks [1, 41] . To examine the rapid adjustment processes in the cloud and hydrological cycle, a short ensemble simulation based on the fixed-SST method has been employed [19•, 20••] . In this method, short-term and largemember ensemble simulations were performed with the AGCM 1× and 4× the concentration of atmospheric CO 2 . The ensemble-means of the two model outputs are compared at a fixed lead-time (e.g., 1 day, 5 days, and so on) and their difference can be evaluated as the rapid adjustment. In the regression method, on the contrary, SST and sea ice are allowed to vary. In abrupt CO 2 concentration increase experiments of AOGCM, the decrease in TOA net radiation is approximately linear with SAT increase. The regression line is extrapolated to estimate the ERF at zero global-mean SAT change (i.e., without feedbacks) [4, 5, 29, 45] . To improve the signal-to-noise ratio, a large ensemble (>10) of integrations with abrupt increase in CO 2 is preferred to diagnose the ERF using the regression method [7••, 20••, 46] . Note that change in local SAT is not necessarily equal to zero even when the global-mean change in SAT is zero. The direct response to increasing CO 2 estimated in the regression method is influenced by the local SAT change partly [4] .
Improvements in the evaluation of the rapid adjustment have provided new insights into the adjustment processes and sources of uncertainty. In this paper, the progress made by studies on the rapid adjustment and the direct climate responses to increasing CO 2 is reviewed. Note that carbon cycle feedback is not quantified in the ECS concept [1] and is not included in this paper. We focused mainly on the following: (1) the physical mechanism of adjustments in cloud and hydrological cycle, (2) timescales of the processes related to rapid adjustment, (3) role of land surface to the direct responses in the cloud and troposphere, (4) sources of uncertainty in the cloud adjustment, and (5) some applications of the concept of the direct climate response to externally induced radiative forcing. Here, the attention is on climate responses to spatially uniform CO 2 concentration increase; the influences of horizontally inhomogeneous radiative forcing agents (e.g., aerosols) on clouds have been detailed in other papers [3, 6] .
Physical Mechanisms of Adjustments in Cloud and Hydrological Cycle
Although some previous studies have estimated the longwave and shortwave components of the radiative effect of rapid cloud adjustment, the signs of the estimated forcings varied among the different studies and models (particularly in the shortwave component) [4, 29] . However, interpretations of the physical processes of the rapid cloud adjustment and the robustness of its radiative effect have improved considerably because of the increased signal-to-noise ratio associated with quantifying methodologies (see previous subsection). Figure 1 shows the mechanism of cloud adjustment over the ocean [7••, 20••, 28] . The processes of direct responses over the land and their roles in the global-mean response are detailed later. The cloud adjustment is characterized principally by two aspects: general tropospheric drying and the downward shift of the low-cloud layer (Fig. 1) . With increasing atmospheric CO 2 concentration, longwave heating of the atmosphere due to instantaneous radiative forcing [47, 48] induces general tropospheric warming, resulting in reductions of tropospheric relative humidity (RH) and cloud amount ( by many GCMs despite some perturbations in surface evaporation and the vertical profile of specific humidity [9•, 28, 49] , results in a robust reduction of low cloud (Fig. 1) [7••, 20••, 28] . In addition to the general drying of the troposphere, vertical shifts of humidity and cloud layers are also essential parts of the cloud adjustment ( Fig. 1) [7••, 20••] . In response to CO 2 increase, the following two processes occur within the lower troposphere: (1) the suppression of turbulent (sensible and latent) heat fluxes from the sea surface [35, 50] and (2) increase in static stability of the lower troposphere [20••, 29] . These processes result in a shoaling of the planetary boundary layer (PBL) over the ocean [16•, 20••, 49, 50] . In addition, the role of suppressed cloud-top entrainment due to the additional downwelling longwave flux from the enhanced CO 2 has also been suggested as important to PBL shoaling [16•, 51, 52] . These processes result in a vertical drying-moistening contrast within the lower troposphere ( Table 1 ) [4, 9•, 53] . However, such estimations demand scrutiny because the CRE can vary even when clouds do not change [55, 56] . For example, the reduction of outgoing longwave radiation due to an increase in CO 2 can be partially masked by the presence of clouds, resulting in a reduction in CRE that is not due to cloud changes. The cloud-masking effect makes a large contribution to the longwave component of the estimated CRE (hereafter, LWCRE) [16•] . Longwave radiative forcing due to the cloud adjustment, excluding the cloud-masking effect, has been evaluated in some studies (Table 1) (Table 1) and (2) the sign of longwave radiative forcing is inconsistent among the multi models [7••, 10•, 54] . In this review paper, the shortwave and longwave components of the CRE (SWCRE and LWCRE, respectively) are presented in later subsections. Changes in the thermodynamic profiles of the troposphere are also important for the rapid adjustment of the hydrological cycle to increasing levels of CO 2 . Figure 2 shows the mechanism of slowdown of the global-mean hydrological cycle as part of the rapid adjustment to an increase in CO 2 . Spatial properties of the adjustment are detailed in later subsections. The changes in the vertical profiles of the tropospheric temperature and specific humidity ( Fig. 1) are important for the adjustment in the hydrological cycle (Fig. 2) . The strengthening of stability induces weakening of convective activity and precipitation [38, 40] . In addition, the suppressed convection leads to a moistening of the marine boundary layer and decreased evaporation and a drying of the free troposphere [ [5, 19•, 30, 31, 33-36, 38-40, 58, 59] . Variation in global precipitation is closely associated with net atmospheric energy balance because condensational heating is part of the atmospheric energy budget. The weakening of atmospheric radiative cooling due to increasing levels of CO 2 results in the decrease of the global precipitation. In addition, land-sea contrast is also an important factor for geographical pattern of the response of the hydrological cycle to increasing CO 2 (detailed in a later subsection).
Timescales of Global and Regional Adjustments
In contrast to the slow timescale (of the order of a year to a decade) of cloud response to external forcing (i.e., SATmediated cloud change), the timescale of cloud adjustment to increasing levels of CO 2 had been thought to be shorter than a year [60] . Rapid processes related to direct tropospheric responses to increasing levels of CO 2 can be examined using large-member ensemble AGCM simulations (i.e., the short ensemble simulation introduced above) [41] . Figure 3 shows time evolutions of global-mean adjustments (SWCRE, LWCR E, precipitation, and evaporation) examined by 64-member ensemble 10-day integrations and the equilibrium response (30-year mean) [20••] derived from an AGCM [61] . Globalmean adjustments in SWCRE and LWCRE approach their equilibrium states within 2 days (Fig. 3b ) [20••] . The global hydrological cycle (precipitation and evaporation) also responds on a daily timescale (Fig. 3c ) [19•, 20••, 42•] . This is because atmospheric radiative heating due to instantaneous CO 2 forcing [28, 48] can rapidly warm the troposphere, resulting in tropospheric adjustment on a short timescale [20••] , including a "vertical stratification process" within the troposphere (Figs. 1 and 2 ) [6] . However, spatial patterns of responses simulated in the long-term AGCM integration cannot be fully explained by the daily-scale responses. Figure 4 shows spatial distributions of the daily-scale and long-term responses to abruptly increased CO 2 concentration. Although the global-mean adjustments of CRE, precipitation and evaporation approach their long-term means within days to a week (Fig. 3b, c) , and geographical patterns of daily-scale adjustments are somewhat different from the equilibrium changes (Fig. 4) . For example, SWCRE response within 5 days shows a general increase over the ocean (Fig. 4e) , but the equilibrium response (Fig. 4f) shows a spatially asymmetric pattern (i.e., large increases over the Indian Ocean, Atlantic Ocean, and the eastern subtropical Pacific and small change over the western and central Pacific). As for the daily-scale response of precipitation, reduction over the ocean is larger over the tropical convective regions than the subtropics (Fig. 4k) [19•] , but this feature is not clear in the long-term response (Fig. 4l) . Interestingly, the spatial pattern of the longterm precipitation response is similar to that of SWCRE (Fig. 4f, l) . Over the land, adjustments of CRE and hydrological cycle tend to show opposite signs to those over the ocean (i.e., negative and positive responses of SWCRE and precipitation over the land) [9•, 20••] .
One of the reasons for the spatial non-uniformity in the adjustment is change in large-scale atmospheric circulation [16•, 20••, 21] . In particular, gradual change in land-sea thermal contrast (Fig. 4a-c) [20••, 41] is one of the reasons for the differences between the spatial patterns of adjustments found on a daily timescale (Fig. 4e, h , k, and n) and the equilibrium response (Fig. 4f, i, l, and o) . The role of the gradual response to CO 2 forcing over land (Fig. 4a-c) on cloud change is discussed in the following subsection.
Role of Land Surface Response
In the fixed-SST method, the land surface warms in response to the increased CO 2 concentration, resulting in a land-sea surface warming contrast (Fig. 4c) [4, 16•, 20••, 41] . It is not strictly accurate to include additional responses associated with land surface warming as part of the adjustment processes. Land surface temperature should be fixed in order to isolate the radiative perturbation due to increasing CO 2 [44] ; however, this method has not been applied to other model simulations because of the difficulty of its implementation [8] . This land-sea thermal contrast can evoke anomalous atmospheric circulation (upward/downward motions over the land/ocean), cloud [16•, 20••, 62] , and precipitation patterns [21] . Increasing cloud amount via enhanced deep convection over the land [16• ] results in a negative SWCRE response over the land (Fig. 4f) despite the positive global-mean response of SWCRE (Fig. 3b, Table 1 ) [20••] . However, tropospheric cloud adjustment can also be found in aqua-planet models [20••, 57, 63] (detailed below), suggesting that the effect of changing land-sea thermal contrast is not necessary for cloud adjustment.
Here, the role of land in the cloud response can be examined using aqua-planet both with and without an ideal rectangular continent over the tropics [20••] . Figure 5 shows the climate responses to increasing CO 2 simulated in an aquaplanet both with and without a continent that has longitudinal width of 120°over the tropics (30°S-30°N). over the equatorial land region show opposite signs to those found in the aqua-planet (Fig. 5c-f) , resulting in smaller adjustments in L120 than the aqua-planet (Table 2 ). In the AGCM, the ocean-mean cloud adjustments are also larger than the tropical-mean adjustments (Fig. 5, Table 2 ), suggesting that the land surface responses dampen the tropical-mean CRE response [20••] . Other model simulations also revealed that CRE adjustments in aqua-planet are generally larger than AGCM with realistic continents [57, 63] . The enhanced deep convection and associated increase in high cloud (and precipitation and evaporation; Fig. 5h, j) over the land, in response to land surface warming (Figs. 4c and 5b ) [16•, 20 ••], induces opposite signs of SWCRE and LWCRE responses over the land areas to those found in the aqua-planet (Fig. 5c-f) . These characters of the adjustment over the land associated with the land warming can also be found in the AGCM simulation (Fig. 4) . The global-mean CRE simulated in the AGCMs can be interpreted as the sum of the adjustments in the aqua-planet and the effect of the land surface warming [20••] . However, results of sensitivity simulations with differing sizes of continents suggest that the damping effect due to land warming is not a critical process for tropospheric cloud adjustment [20••] .
It should be noted that the land effect on the climate response is also associated with CO 2 physiological processes [5, 41, 60, [64] [65] [66] . In response to increasing CO 2 concentration in the atmosphere, CO 2 used in photosynthesis gains easier entry into the leaf via the stomata, resulting in the closures of stomata and the reduction of evapotranspiration from land plants, particularly in the low-latitude regions. The reduction of evapotranspiration can be found just after the CO 2 increase (Fig. 4m) [20••, 41, 42•] . This dampening of water vapor release from the land surface suppresses precipitation over tropical land areas (Fig. 4j) . These CO 2 -induced physiological processes have been examined and compared with physical processes via sensitivity simulations with fixed and variable stomatal resistances [41, 42•, 49, 60] . The reduction of land surface evapotranspiration due to physiological processes results in (1) additional surface and tropospheric warming over the land and associated changes in atmospheric circulation and (2) reduction of low cloud over land and increasing positive SWCRE [41, 49] . The influence of CO 2 physiological forcing is an important factor in the changes of the hydrological cycle and cloud amount particularly over tropical land areas.
The responses to increasing CO 2 over the land detailed above (e.g., SAT; Fig. 4a, b) are also important for the transient climate changes. In response to the transient radiative forcing, the land surface warming simulated in AOGCMs is generally larger than the sea surface warming [67, 68] because of differences in thermal inertia, boundary-layer lapse rate, and surface energy budget between the land and ocean [67, 69, 70] . Here, the direct response to the CO 2 forcing over the land (Fig. 4a, b) is essential for the land surface warming particularly over the Northern Hemisphere (NH) extratropics [22, 71, 72] . As a result, projected future changes in the landsea thermal contrast and associated atmospheric circulation over the NH extratropics [73] [74] [75] are clearly affected by the direct land response to the CO 2 forcing [71] . In addition, the direct response to the CO 2 forcing is also important for the past climate changes [14, 22, 72] . Contribution of the direct land response to anthropogenically induced external forcing (CO 2 , aerosols, and land-use change) on the recent increase in SAT and frequency of hot summers over the NH land areas was found to be robust [22, 72] . These findings [14, 22, [71] [72] [73] [74] [75] explained new aspects of the direct climate response to the external forcing including the rapid tropospheric adjustment.
Possible Factors for Intermodel Spread of Adjustment
Combinations of the fixed-SST method, regression method, and aqua-planet simulations (see previous subsection) have enabled the quantitative assessment of the cloud adjustment and the evaluation of possible factors related to intermodel spread. Assessments of the radiative effect of the cloud adjustment have revealed that the influence of intermodel spread of the cloud adjustment on the uncertainty in the ECS is smaller than that of SAT-mediated cloud change [9•, 10•, 29, 53] . In response to increasing levels of CO 2 , the rapid adjustments of lower tropospheric stability (LTS) and estimated inversion strength (EIS) were found to be generally positive [29] , except for one model in which biases in radiative heating rate resulted in unusual adjustments of LTS and EIS [48] . As LTS and EIS are measures that are highly correlated with the amount of stratus in the present climate, these results suggest that the vertical profile of instantaneous radiative forcing could be a factor in the uncertainty of the cloud adjustment.
The robustness of the cloud adjustment between m o d e l s p a r t i c i p a t i n g i n t h e C o u p l e d M o d e l Intercomparison Project phase 5 (CMIP5) [46] has been examined in detail [9•] . Figure 6 shows the changes in SWCRE and lower-tropospheric RH associated with the cloud adjustment. The reduction of cloud amount (Fig. 1) , positive SWCRE (Table 1; Figs. 4d-f and 6), tropospheric warming and drying (Figs. 1 and 6 ), and moistening of the near-surface layer over the ocean (Fig. 1) are robust features among the models [9•] . In comparison with the SAT-mediated cloud change, the signs of the SWCRE adjustment are more robust [7••] , but the strength varies substantially between the models (Fig. 6) [9• ]. This intermodel spread of the SWCRE is the largest contributor to the total intermodel spread of the net ERF [9•] and Table 2 Tropical-mean (30°S-30°N) adjustments in MIROC5 aquaplanet (Fig. 5c, e) , AGCM (Fig. 4f, i) , and aqua-planet with a rectangular continent with 120°longitudinal width (L120) in the tropics (30°S-30°N
; Fig. 5d Ocean and land represent averages over the tropical-ocean (30°S-30°N) and tropical-land areas, respectively. Uncertainties are ±1 standard deviations in interannual variabilities corresponds mainly to the spread of change in the lower tropospheric RH over the ocean (Fig. 6 ). This RH spread is induced primarily by the spread of change in specific humidity over the region of tropical subsidence (Fig. 6) . However, the physical processes governing this intermodel spread of lower tropospheric specific humidity over the region of tropical subsidence are not clear [9•] . Some models have considerable biases in their vertical profiles of cloud ice and liquid water compared with satellite observations [76] . Such large biases could contribute to discrepancies in the rapid cloud adjustment from other models [9•] . The possible influences of other factors, e.g., evaporation from the sea surface, turbulent mixing within the boundary layer over the ocean, shallow convection, and large-scale atmospheric circulations, should be examined further in future studies. For example, efficiency of convective dehydration of the PBL via a lowertropospheric mixing can be a source of uncertainty in the boundary-layer cloud response to the external forcing simulated in climate models [77] . The relationship between the intermodel spread of the cloud radiative component of the ERF and that of cloud feedback parameter has received considerable attention [29] . The relationship between the ERF and total feedback parameter of the CMIP5 GCMs shows a significant anticorrelation [63] . Namely, models with larger ERF tend to have larger negative feedback parameter and vice versa. Such a relationship has also been confirmed in physics parameter perturbation ensembles [29, 78] . The cancelation results in a reduction of the intermodel spread of the ECS from that suggested by the intermodel spreads of the feedback parameter or ERF alone. In addition, clear anticorrelation between the CRE components of the ERF and feedback can also be found in aquaplanet models [63] . Further studies are needed to explore both the possible mechanisms for such anticorrelation and the reasons for the uncertainties in the cloud adjustment and resultant ECS.
Conclusions
Our understanding of the physical mechanisms of rapid cloud and climate adjustments has advanced considerably because of extensive research. One reason for the progress is the development of a systematic experimental framework (including fixed-SST and regression methods and aqua-planet configuration) [ [46] . The short ensemble simulations [19•, 20 ••] also contribute to improve the process-based interpretation of the rapid adjustment. The derived results have revealed the robustness of the tropospheric cloud adjustment [7••, 9•, 57] . However, the remaining issues on the sources of uncertainty in the cloud adjustment (e.g., instantaneous radiative perturbation, PBL dehydration, and associated changes in cloud radiative properties) [7••, 9•, 29, 48, 63, 77] are still important for the assessment of uncertainty in the ECS [29, 63] . Unfortunately, it is not easy to assess reliability of the adjustment processes derived from the modeling studies by comparing with [36, 80, 81] . Comprehensive approaches for better understanding of the direct and SAT-mediated climate responses are important future works. Such framework may provide significant implications for broad scientific areas not limited to the uncertainties in the ECS and transient climate response [82] but detection and attribution, atmospheric chemistry, paleoclimate, and geoengineering.
